We present measurements of differential cross sections for elastic electron scattering from atomic hydrogen at 20 eV and 40 eV incident electron energies and ratios of differential cross sections for electron-impact excitation of atomic hydrogen to the nϭ2, 3, and 4 levels at incident electron energies of 14.6 eV, 15.6 eV, 17.6 eV, 20 eV, 25 eV, and 40 eV with scattering angles ranging from 10°to 130°. We compare our results to available experimental measurements and recent convergent close-coupling calculations. Our results resolve significant discrepancies that existed between theory and past experiments.
I. INTRODUCTION
In this paper we present additional measurements that were taken during and after the measurements of the doubly differential cross section ͑DDCS͒ for electron-impact ionization of atomic hydrogen at low energies which were presented in the previous paper ͓1͔, henceforth referred to as I. The present work consists of the following additional measurements regarding electron scattering from atomic hydrogen.
͑1͒ Differential cross-section ratios for excitation of the nϭ2, 3, and 4 levels of H from the ground state. As discussed in I, the electron-impact excitation of the nϭ2 level of H was determined experimentally by Khakoo et al. ͓2͔ ͓using He nϭ2 differential cross sections ͑DCS's͒ as a standard͔, Grafe et al. ͓3͔ ͑using H 2 elastic DCS's as a standard͒, and Williams ͓4͔ ͑using He elastic DCS's as a standard͒ to be accurately described ͑within experimental errors͒ by the convergent close-coupling ͑CCC͒ method of Bray and Stelbovics ͓5͔ and Bray ͓6͔. Grafe et al. ͓3͔ note that at 20 eV impact energy (E 0 ) and large scattering angles (), their measurements were higher than those of Williams ͓4͔. This could possibly be due to the fact that their elastic scattering measurements, which were used to normalize their inelastic DCS's, also show raised backscatter. Agreement between the CCC and nϭ2 Lyman-␣ emission measurements of James et al. ͓7͔ is excellent. However, it is not clear if the CCC method adequately describes the excitation of the nϭ3 and nϭ4 levels of H as accurately as the nϭ2 level. The limited DCS measurements by Sweeney et al. ͓8͔ of the electronimpact excitation of the nϭ3 and nϭ4 levels, taken at E 0 ϭ20 eV and 30 eV, show good agreement with the CCC method, but these measurements were normalized to their e-H elastic DCS's which show backscattering problems ͓see ͑2͒ below͔ when compared to the CCC method. Early measurements of the cross sections for the excitation of the individual nϭ3 sublevels by Mahan et al. ͓9͔ show, within the considerable scatter of the results, reasonable agreement with the CCC method ͓10͔. More recent experimental results employing emission measurements for the excitation of the H nϭ3 level were made by Kedzierski et al. ͓11͔ and James et al. ͓12͔ . In the measurements of Kedzierski et al. ͓11͔ the polarization of the Balmer-␣ emission of H was observed as a function of E 0 . Their data revealed significant disagreements with the CCC method ͓11͔ especially at E 0 values below 40 eV. This could be due to a problem in the determination of cascade processes in the experimental results or to a breakdown in the parallelism of their electron beam at low incident energies leading to a lack of definition of the quantization axis. James et al. ͓12͔ measured the polarization of the Lyman-␤ emission of H as a function of E 0 , and their results show quite good agreement with the CCC method over the entire energy range measured including the range E 0 Ͻ40 eV. These polarization measurements, however, are not differential with respect to the scattering angle of the electron. Additional definitive measurements regarding the excitation of H nϭ3 are therefore presently necessary. The purpose of this work is to extend our earlier H nϭ2 measurements to H nϭ3 and 4 by measuring relative DCS ratios between the H nϭ2, 3, and 4 levels. ͑2͒ Relative differential cross sections for low-energy elastic electron scattering from H. Presently there exists a significant disagreement between the elastic e-H scattering DCSs of Williams ͓13͔ and Shyn and Cho ͓14͔, Shyn and Grafe ͓15͔. Whereas the DCS's of Williams show very good agreement with the CCC method, those of Shyn and Cho ͓14͔ and Shyn and Grafe ͓15͔ deviate from the CCC method at large scattering angles-e.g., at E 0 ϭ20 eV. In fact, at E 0 ϭ20 eV and 40 eV, the disagreement between Shyn and Grafe ͓15͔ and the CCC method is significantly large. This discrepancy is interesting especially at E 0 ϭ40 eV because our previous measurements of the DCS's for excitation of the H nϭ2 level ͓2͔ were found to be in excellent agreement with the CCC method at this and all other incident energies from 30 eV to 100 eV.
The above two areas of discrepancy thus need to be resolved from an experimental standpoint. The present measurements address this discrepancy. Our present results are based on the excellent agreement between the CCC and earlier measurements from Khakoo et al. ͓2͔ of the DCS's for the H nϭ2 excitation with relative DCS errors below 10% in most cases. Similar agreement has been seen between the CCC and other experiment measurements of the H nϭ2 DCS at lower incident energies ͓4,6͔. We thus use the H n ϭ2 DCS's from the CCC method as our calibration standard.
II. EXPERIMENTAL METHOD
Our experimental setup has already been described in I. Our experimental technique differs from those of the previ-FIG. 1. Electron energy loss spectra of H obtained after the application of the background subtraction procedures described in I. ͑a͒ A spectrum of the nϭ2, 3, and partially resolved nϭ4 features. The upper spectrum is offset and multiplied by a factor of 5. The line is the unfolding fit to the spectrum. ͑b͒ A spectrum of the elastic scattering feature and the nϭ2, 3 and partially resolved nϭ4 features. See text for added discussion. ous measurements because no recourse to the use of mass spectrometers is made. Improved measurements of the scattered electron backgrounds are made using a movable target source as described in I. Using this setup, we measured electron energy loss spectra which included the elastic and H n ϭ2, 3, and 4 separated features. These spectra were measured by taking energy loss spectra with the H discharge on and modulating the H target needle source to and from the collision region, and then repeating the measurements with the H discharge off. The subtraction procedures to determine the gas-related e-H scattering energy loss spectra have already been detailed in I. These spectra were corrected for the analyzer transmission efficiency using He as described in I, and the resulting areas under the peaks were related to the corresponding DCS's. We note that because the He transmission correction did not cover the elastic scattering peak, this remained as a relative DCS but was normalized to the previous DCS's ͑experimental and theoretical͒ at small where the agreement between these data is excellent. The H n ϭ2, 3, and 4 intensities were determined by fitting these features with an instrumental profile derived from a multiGaussian determination of the H nϭ2 feature ͓16͔. A typical high-resolution unfolded spectrum is shown in Fig. 1͑a͒ . A typical spectrum that includes the elastic feature is shown in Fig. 1͑b͒ . In a few of the spectra we note the presence of tiny features that add small systematic errors-e.g., counts between the nϭ3 and nϭ4 features in Fig. 1͑a͒ . We estimated these features to add in the region of Ͻ10% to the overall FIG. 2. R 32 for H at ͑a͒ E 0 ϭ14.6 eV, ͑b͒ E 0 ϭ15.6 eV, ͑c͒ E 0 ϭ17.6 eV, ͑d͒ E 0 ϭ20 eV, ͑e͒ E 0 ϭ25 eV, and ͑f͒ E 0 ϭ40 eV. Legend: ᭹ present work, ᭝ Sweeney et al. ͓8͔, solid lines CCC ͓5,6͔. Error bars constitute one standard deviation of uncertainty.
uncertainty. We also note that the unfolding of the H nϭ4 feature is significantly more error prone since it is partially overlapped by the nϾ4 levels. We have fitted our spectra with n up to 20 in an effort to account for this overlap, but the results of the unfolding for this level still suffer from an increased uncertainty.
Typical uncertainties in the analysis of the spectra include a 5%-10% transmission error ͑depending on E 0 and the difference in energy loss values of the transitions involved͒, a nominal 6% error due to uncertainties in the subtraction parameters, and 2%-3%, propagated statistical errors after the subtraction of the discharge on and off spectra. The present results are tabulated, graphed, and compared to existing theoretical and experimental DCS's. Our results are summarized in Table I and plotted in Figs. 2-5 for comparison with other work.
III. RESULTS AND DISCUSSION

A. Inelastic scattering results
Figures 2͑a͒-2͑f͒ show our DCS ratios for the H(n ϭ3)/H(nϭ2) features (R 32 ). Figures 3͑a͒-3͑f͒ show our DCS ratios for the H(nϭ4)/H(nϭ2) features (R 42 ). Typical errors for R 32 are in the region of 7%-10% and for R 42 in the region of 14%-19%. Clearly the R 32 show excellent agreement with the CCC method at most E 0 and of this work. There is disagreement in a few regions, notably at large at FIG. 3. R 42 for H at ͑a͒ E 0 ϭ14.6 eV, ͑b͒ E 0 ϭ15.6 eV, ͑c͒ E 0 ϭ17.6 eV, ͑d͒ E 0 ϭ20 eV, ͑e͒ E 0 ϭ25 eV, and ͑f͒ E 0 ϭ40 eV. Legend: ᭹ present work, ᭝ Sweeney et al. ͓8͔, solid lines CCC ͓5,6͔. Error bars constitute one standard deviation of uncertainty.
FIG. 4. DCS's for the electron-impact excitation of the nϭ3 and nϭ4 levels of H at ͑a͒ E 0 ϭ14.6 eV, ͑b͒ E 0 ϭ15.6 eV, ͑c͒ E 0 ϭ17.6 eV, ͑d͒ E 0 ϭ20 eV, ͑e͒ E 0 ϭ25 eV, and ͑f͒ E 0 ϭ40 eV. Legend: ᭹ present work (nϭ3), ᭝ present work (nϭ4), ᭺ (nϭ3), and ϫ (nϭ4) absolute DCS's of Sweeney et al. ͓8͔ at E 0 ϭ20 eV, solid lines (nϭ3), and dashed lines (nϭ4) CCC ͓5,6͔. Error bars constitute one standard deviation of uncertainty.
FIG. 5. Relative elastic DCS's for electron scattering from H at ͑a͒ E 0 ϭ20 eV and ͑b͒ E 0 ϭ40 eV. Legend: ᭹ present work, ᭝ Williams ͓13͔, ϫ Shyn and Cho ͓14͔ ͑20 eV͒, and Shyn and Grafe ͓15͔ ͑40 eV͒, solid line CCC ͓5,6͔. The experimental data are normalized to an average of 1 about ϭ20°whereas the CCC DCSϭ1 at this . Error bars constitute one standard deviation of uncertainty. Figs. 4͑a͒-4͑f͒ . However, we note that our R 32 and R 42 results offer a more stringent test of the CCC method since we are comparing two independent scattering channels. The present agreement indicates that the CCC method has largely converged and that small discrepancies such as that displayed in Fig. 2͑f͒ can perhaps be resolved by including more channels in the CCC calculation.
B. Elastic scattering results
Figures 5͑a͒ and 5͑b͒ show our relative elastic DCS's compared to the CCC method ͓5,6͔ and the experimental DCS's of Williams ͓13͔ and Shyn and Cho ͓14͔ at 20 eV ͓Fig. 5͑a͔͒ and to Shyn and Grafe ͓15͔ at 40 eV ͓Fig. 5͑b͔͒. Our relative DCS's are normalized to the absolute DCS's about ϭ20°. We note that in Fig. 5͑a͒ our relative DCS's are in very good agreement with those of the CCC method and Williams for all of this work and do not reproduce the more backward-peaked scattering profile seen in the results of Shyn and Cho ͓14͔. At 40 eV, Fig. 5͑b͒ , we see that our DCS's are again in good agreement with the CCC method but are in disagreement with the DCS's of Shyn and Grafe ͓15͔ by at least three standard deviations around ϭ60°-100°. We have not measured elastic DCS's at other incident energies because the present results clearly demonstrate that the CCC method obtains excellent values for the DCS's for elastic scattering from H. This is in disagreement with the observations of Shyn and Cho ͓14͔ and Shyn and Grafe ͓15͔ regarding the reliability of the CCC DCS's at large .
IV. CONCLUSIONS
We have presented new measurements of the DCS's for electron scattering from H for both elastic and inelastic processes. The singly differential cross sections presented in this paper coupled with the doubly differential cross sections presented in I, all measured using the movable target H source, provide a significant improvement in the experimental picture regarding electron scattering from H. These results show very good agreement with the CCC method for all differential electron scattering processes from atomic hydrogen over a wide range of incident electron energies and scattering angles.
